A total of 14 field strains originally labeled Lactobacillus reuteri, 4 field strains of Lactobacillus fermenturn, and 12 Lactobacillus type strains, as well as four additional reference strains, were classified by performing a restriction endonuclease analysis of chromosomal DNAs digested with Asp 718, ChI, and EcoRI. The patterns were analyzed by using (i) Jaccard coefficients and the unweighted pair group algorithm with arithmetic averages and (ii) principal-component analysis (PCA) and soft independent modeling of class analogy (SIMCA). Grouping by using the Jaccard coefficients and the unweighted pair group algorithm with arithmetic averages resulted in six clusters, defined at a similarity level of 6Wo. Cluster 1 comprised 10 field strains of L. reuteri, Lactobacillus sp. strain DSM 20056, and L. reuteri DSM 20016T (T = type strain) and could be divided into four subclusters. Cluster 2 included two L. reuteri field strains. Cluster 3 included one field strain labeled L. reuteri and one field strain labeled L. fermenturn. Cluster 4 could be divided into three subclusters and included two field strains labeled L. fermentum, one reference strain and the type strain of L. fennentum, and four additional type strains. Cluster 5 contained two LactobaciUusphnfumm strains. Cluster 6 included two type strains. The two numerical methods gave the same general results, but the PCA-SIMCA method resulted in a more complete view of the relationships. The SIMCA analysis grouped L. reuteri DSM 20016T, Lactobacillus sp. strain DSM 20056, and, with one exception, all of the L. reuteri field strains as a "class." Lactobacillus helveticus DSM 20075T and LactobaciUus cusei subsp. pseudoplantarum DSM 2000ST were the type strains most closely related to the L. reuteri SIMCA class. The L. reuteri strains isolated from rats could be separated from the L. reuteri strains isolated from humans and pigs by the PCA. DNA-DNA-hybridization showed that strains classified as L. reuteri on the basis of the results of the restriction enzyme analysis also exhibited >7Wo DNA-DNAhomology to the type strain of L. reuteri. The phenotype of L. reuteri (ability to ferment carbohydrates) coincided in most cases with the genotype; this seemed not to be the case for L.ferme&m strains.
The genus Lactobacillus, which contains more than 70 species, is by tradition phenotypically founded, and the different species are grouped together on the basis of their metabolic pathways (12) . However, from a genetic perspective the genus is heterogeneous because the G+C contents range from 30 to 55 mol%, and comparisons of 16s rRNAs have revealed relationships between different species which are not consistent with the traditional metabolic groups (8) . Several of the traditional phenotypic traits used for species characterization in the genus Lactobacillus are unstable and uncertain (la, 5) . Thus, a genotypically based classification of Lactobacillus strains, both above and below the species level, is urgently needed. One approach is to use restriction endonuclease analysis (REA) and chromosomal DNAs (17) , which is feasible since REA gels can be numerically analyzed for similarity. This can be done either by a more traditional numerical analysis or by principal-component analysis (PCA).
Lactobacillus reuteri, which is an obligatory heterofermentative bacterium, was first described by Kandler et al. (11) . Isolates having the L. reuteri phenotype are frequently found associated with the gastrointestinal tracts of humans (12, 13) and animals (2, 14) . Industrial interest in L. reuteri is increasing as it has been proved that some strains can produce an antimicrobial compound called reuterin (4, 7) . A commercial milk product based on L. reuteri ("BRA-milk") was introduced in Sweden in 1991. Furthermore, a Lacto-bacillus strain that was isolated from rats and was identified phenotypically as L. reuteri (strain R2LC) (14) hindered acetic acid-induced colitis in rats (10) .
The aims of this study were to use REA for the classification of strains that had been phenotypically identified as L. reuteri and to compare these strains with other heterofermentative field strains having a similar phenotype (Lactobacillus fermenturn) and with some type strains of organisms belonging to different catabolic categories. The classification obtained was compared with the results of a DNA-DNA homology study.
MATERIALS AND METHODS
Strains and culture conditions. The strains which we tested are listed in Table 1 . In addition, L. reuteri N41 (representing 20 identical isolates) (14) was also tested. The field strains isolated from humans, pigs, and rats were all phenotypically identified as either L. reuteri or L. fermenturn on the basis of the results of API 50 CH tests (API Systems S.A., Montalieu Vercieu, France). The strains were grown at 37°C in Lactobacillus carrying medium (9) containing 0.3 to 1% glucose. Stock cultures were stored at -80°C in freezing buffer (la) .
Preparation and agarose gel electrophoresis of plasmid DNAs. Plasmid DNAs were prepared from strains 2DS20057:R, 8704:3, 1044, 8557:1, 1068,8557:3,8581:1, and 8580:3 (6) and were electrophoresed in 0.7% agarose gels together with Escherichia coli V517 reference plasmids (Plasmid Reference Center, Stanford, Calif.). The gels were electrophoresed for 4 h at 120 V in TI3 electrophoresis buffer (89 mM boric acid, 23 mM H,PO,, 2.5 mM EDTA, pH 8.3) after an initial run at 12 mA.
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Similarity distances (DJ) between strains were calculated by using the following formula: DJ = 100(1 -SJ).
Isolated and described by Axelsson and Lindgren (3).
Restriction endonuclease digestions. Chromosomal DNAs were prepared and cleaved by restriction endonucleases as previously described (17) . Aliquots (750 ng) of DNA were digested with Asp 718, EcoRI, and CZaI and were electrophoresed in agarose gels. The DNA concentrations were determined with a fluorometer (model TKO 100; Hoefer Scientific Instruments, San Fransisco, Calif.).
Electrophoresis and scanning of gels. Agarose gel electrophoresis of chromosomal DNA was performed as described by StAhl et al. (17) . The band patterns of the REA gels were VOL. 44, 1993 CLASSIFICATION OF L. REUTERZ 11 Table 1 . The axes are in arbitrary units.
scanned with a laser densitometer (UltroScan XL; Pharmacia LKB Biotechnology AB, Uppsala, Sweden), and the resulting absorbance curves were transformed into data sets by using the method of StAhl et al. (17) . Each lane was scanned three times, and the mean value for the relative absorbance in each interval was computed. The absorbance curves obtained with CZaI and EcoRI digests were each divided into 20 intervals, and the curves obtained with& 718 digests were each divided into 40 intervals. The recorded band patterns gave a data set consisting of 34 objects (strains) and 80 variables (total relative peak areas of absorbance intervals). In some cases plasmid bands interfered with the recording of the chromosomal band patterns, and the variable was then defined as missing. The DNA of strain N41 was resistant to CZaI digestion, and the data for all of the variables from CZaI digestion of the DNA of L. reuteri N41 were considered missing data.
Mathematical analyses. The data set was numerically analyzed by using the Jaccard coefficient (SJ) (16) , and clustering was accomplished by using the unweighted pair group method with arithmetic averages (UPGMA) (15 Enskede, Sweden) was used for PCA and soft independent modeling of class analogy (SIMCA) of the data set. A PCA was performed with the complete data set (except the data for strain N4I) without direct reference to class separation (Fig. 1) . The values used for variables for which there were no data were the mean values of the variables for all strains. SIMCA was used to classify the isolates and to investigate the distances between different type strains belonging to a select group (labeled "class" in the SIMCA manual) of L. reuteri. A class model ( The pooled RSD of the class is 1.14. Strains used for construction of the class model. The values were corrected for loss of degrees of freedom.
Strains belonging to the class with a 99% confidence limit according to the F-test .
in the initial PCA, and this set of isolates exhibited 80 variables. A total of 15 variables were technically unreliable or missing and were defined as "missing values" (these values were representative of the mean values of the variables for strains in the class). All of the strains were subjected to an F-test, in which the residual variance of each strain in the whole group was compared with the pooled residual variances of the strains in the class model; the square of the pooled residual variance was defined as the sum of all squared variances divided by the number of objects. When strains were tested with the class model, no missing data had to be filled in with approximate values since missing values do not interfere with SIMCA. .25, and 3.125 ng/75 1. 1) from each strain were filtered, and the wells were then washed once with 150 ~1 of TE. The DNA was only loaded in every second well in order to avoid the hybridization signals from neighboring wells interfering with each other. Four parallel membranes containing immobilized DNA were prepared. Two membranes were hybridized with a digoxygenin-labeled L. reuteri DSM 20016= DNA probe, and the other two membranes were hybridized with digoxygenin-labeled DNAs from strains 1073 and N2J (one membrane was hybridized with strain 1073 DNA and one membrane was hybridized with strain N2.J DNA). The membranes were hybridized for 18 h at 64°C. The digoxygenin-labeled probes were detected with anti-digoxigenin antibody Fab fragments conjugated to alkaline phosphatase. The dephosphorylation of the chemiluminescent substrate Lumigen PPD generated light, which was documented on Kodak X-OMAT AR film during 2 min of exposure to the membranes.
The X-ray films were scanned two dimensionally with a laser densitometer (UltroScan XL, Pharmacia LKB Biotechnology AB), and the data were processed by using the LKB 2400 GelScan XL program (Pharmacia LKB Biotechnology AJ3). The total density of each spot was recorded. less than 70% (18) ; the discrepancy in these values might be because the former value was obtained in an experiment that was not performed at the "stringent" temperature. REA combined with numerical analyses has a potential for effective assessment of relationships on the species level. Furthermore, REA groups biovariants and detects individual strains at a level far below the species level. However, a crucial question is to what extent the relationships between the L. reuteri cluster and the most closely related surrounding strains should be trusted. For example, is L. reuteri more closely related to L. helveticus and L. casei subsp. pseudoplantarum than to the other type strains tested ( Fig. 1 and Table 2 )?
Can REA be used to determine relationships above the species level? This question may be answered by using SIMCA with an expanded data set in which each species is described by its "own" class model. Then the distances between the species (class models) can be calculated. However, the question can be answered only by comparing REA results with the results of other methods. Nevertheless, it should be pointed out that the type strains of the related taxa L. casei subsp. pseudoplantarum, L. rharnnosus (formerly L. casei subsp. rharnrwsus), and L. casei subsp. casei merged in the SIMCA class model (Table 3) .
